In previous work, we showed that cultured avian embryonic retinal ganglion cells (RGC) extend neurites on EHS-laminin early in development, but lose this ability with maturation, as a result of a sharp decline in laminin receptor numbers. Here we show that EHS-laminin promotes neurite outgrowth also from embryonic mammalian RGC, in contrast to previous reports, and that these exhibit similar agedependent growth responses on laminin. Antibody blocking studies show that this behaviour is me diated in mouse RGC by «6/31 integrin dimers. The laminin isoform merosin is also effective as a neurite outgrowth-promoting substrate for RGC but differs in its ability to elicit a response at advanced stages of development (up to hatching in the chick). Neurite outgrowth by RGC on merosin is inhibited, at all ages, by the function-blocking, anti-/?l integrin anti body, CSAT, suggesting that these neurons use alternative afi 1 dimers in their interactions with EHS-laminin and merosin. Together, these findings emphasise the generality of the responsiveness of vertebrate embryonic RGC to laminin during devel opment, and reveal interesting differences in the effects of laminin variants on CNS axon growth and regeneration.
Introduction
One of the most striking properties of laminin, unique amongst matrix proteins, is its ability to induce profuse neurite outgrowth by cultured embryonic peripheral and central neurons (Manthorpe et al. 1983; Rogers et al. 1983 ). In the case of CNS neurons, it was unclear what the physiological relevance of this in vitro behaviour might be. Thus, laminin was thought to be confined to basal laminae and excluded from the CNS and, therefore, beyond the reach of growing axons. More recent work, however, describing spatial and temporal patterns of laminin immunoreactivity at non-basal lamina sites along axon projection pathways in the developing avian (Cohen et al. 1986 (Cohen et al. , 1987 Halfter and Fua, 1987) and mammalian CNS (Letourneau et al. 1988; Liesi and Silver, 1988; McLoon et al. 1988) , are consistent with it playing a similar axon growth-promoting role in vivo to that seen in vitro. We have shown however, that for embryonic chick retinal ganglion cells (RGC), the ability to grow neurites on EHS laminin in vitro is lost during development around the time when, in vivo, RGC axons grow into their target in the brain, the optic tectum (Cohen et al. 1986 (Cohen et al. , 1987 . This is a consequence of the loss or modification of RGC laminin receptors (Cohen et al. 1989; Neugebauer and Reichardt, 1991) , in a process possibly governed by the target (Cohen et al. 1989) . The identity of the cell surface receptors for laminin expressed by neurons has recently come under close scrutiny (Edgar, 1989; Reichardt and Tomaselli, 1991) . In particular, antibody blocking studies have suggested that tx/31 integrins mediate neurite outgrowth on laminin by both central and peripheral neurons in culture (Bozyczko and Horwitz, 1986; Cohen et al. 1986 Cohen et al. , 1987 Tomaselli et al. 1986; Hall et al. 1987) . O f the eight different a sub-units (arl-a7 and av) identified that can associate with fil, four -ad, c&, a3 and a6, -can function as laminin receptors on a variety of cell types (Sonnenberg et al. 1990) , although only the cS/31 dimer is specific for laminin. So far, however, there is only evidence from work with PC 12 cells for the involvement of a l and a3 in mediating neurite outgrowth on laminin (Turner et al. 1989; Tomaselli et al. 1990) , and no information is available on a sub-unit function in neurons. The recent demonstration that embryonic chick RGC express a6 mRNA and protein, and that these show a substantial decline in amount with maturation (de Curtis et al. 1991) , however, provides strong circumstantial evidence that the aQfll integrin dimer mediates the interaction o f these cells with laminin.
The structure of laminin was originally established for the molecule secreted by the Engelbreth-Holm-Swarm (EHS) sarcoma. EHS-laminin is a trimer made up of A, B1 and B2 subunits, all separate gene products that display substantial homology (Sasaki et al. 1988; Timpl, 1989) . The purification and molecular cloning of homologues of the B1 chain, s-laminin (Hunter et al. 1989 ) and of the A-chain, called merosin or M-chain (Ehrig et al. 1990) , from normal tissues, has focussed attention on the structural diversity of laminin and its functional impli cations. Thus, a recent immunohistochemical study with chain-specific antibodies has revealed an unexpected extent of heterogeneity in the laminin isoform composition of basal laminae at different sites in adult tissues (Sanes et al. 1990) . These findings raise the possibility that different combinations of laminin subunits (of which there are at least four possible trimers), may confer on laminin, at different sites, distinctive properties determined by sub unit composition. Thus, peripheral nerve endoneurium, a preferred substratum for regenerating peripheral axons after nerve injury, is one of the few select sites expressing M-chain in place of A-chain. Also, injured adult rat RGC axons, which normally fail to regenerate, will re-grow into sciatic nerve implants grafted into the optic nerve (Vilegas-Perez et al. 1988; Berry et al. 1988) . In this context, it is not known whether rodent RGC exhibit an age-dependent response to laminin similar to avian RGC, however, and there are reports (Kleitman et al. 1988a,6 ) that even early embryonic (day 15), rat RGCs fail to extend neurites on laminin.
In this paper we show that early embryonic mammalian RGC share with avian RGC the ability to extend neurites on laminin in vitro. Using a blocking monoclonal antibody GoH3, to the human and murine aQ integrin sub-unit (Sonnenberg et al. 1988) , we also show that laminininduced neurite outgrowth by mammalian RGC is me diated primarily by a6/31 integrins. The laminin-responsiveness of rodent RGC, like that of chick RGC, declines during embryonic development and is lost before birth. Merosin, unlike EHS-laminin, promotes neurite out growth by RGC isolated from chick embryos at advanced stages of development (up to hatching age), and from post natal rats. Growth of chick RGC on both laminin and merosin substrata is blocked by the anti-/31 integrin antibody CSAT at all ages. 
Materials and methods

Culture o f dissociated neurons and retinal explants
Purification o f rat and chick RGC by panning
RGC were purified from papain-dissociated chick or rat retinal cell suspensions using species specific anti-Thy-1 antibodymediated plate adhesion ('panning'), essentially as described by Barres et al. (1988) , except that in the final step adherent Thy-1 positive cells were simply removed by vigorous washing in BSF2. Highest purities (>90 % RGC) were achieved for chick retina aged between embryonic day (E)10 and E14, and for rat retina between birth and postnatal day (P) 10.
Antibody reagents and immunostaining
Antibody blocking. Monoclonal antibodies GoH3 (culture supernatant; a gift of A. Sonnenberg), and CSAT (ascites fluid; a gift of A. Horwitz), to be used for blocking neurite outgrowth, were initially dialysed overnight against F12, to remove sodium azide, and diluted in BSF2 at double the final concentration, i.e. 1:100 for both antibodies.
Immunostaining 
Results
Laminin promotes neurite outgrowth from cultured embryonic rat and mouse RGC Explant cultures of E15 rat retina consistently failed to extend neurites on a substratum of PL ( Fig. 1A and Fig. 3 ) and neurofilament-positive processes were confined within the body of the explants. By contrast, 100 % o f explants of this age were able to grow neurites on a PL+laminin substratum ( Fig. IB and Fig. 3 ). The majority of neurites originated from RGC as shown with the monoclonal antiThy-1 antibody OX-7, an RGC-specific marker (Fig. 1C) . Similar results were obtained when E14 mouse retinal tissue was cultured (data not shown).
In cultures of dissociated retinal cells from either E15 rat ( Fig. 2A,B ), or E14 mice (Fig. 2C,D) , laminin also induced neurite outgrowth from Thy-1+ RGC.
Neurite outgrowth o f rodent RGC on laminin is developmentally regulated
We have previously shown that embryonic chick RGC lose their ability to extend neurites on laminin as they mature (Cohen et al. 1986 (Cohen et al. ,1987 . We examined the possibility that rodent RGC display a similar phenomenon, by culturing embryonic rat retinal tissue between E15 and E19. Fig. 3 shows that a small decline in the proportion of explants extending neurites on laminin occurred between E15 and E17, (approximately 20%). By E19 however, the ability of RGCs to extend neurites on laminin was almost com pletely lost and at this stage the small extent o f outgrowth was indistinguishable from that seen on PL (Fig. 3) . Retinal explants from P0 through to P7 behaved in an identical manner to those from E19 retina (data not shown). 
Embryonic mouse RGC neurite outgrowth on laminin is mediated by a6ßl integrins
Previous work has shown that neurite outgrowth on laminin by chick embryonic RGC is mediated by ß l integrins. To investigate further the specificity of the integrin receptor subclass involved, we used a rat monoclonal antibody (GoH3) directed against the murine a6 integrin (Sonnenberg et al. 1988) . In these experiments, cultures of dissociated mouse E14-E16 retina were grown on laminin substrata in the presence and absence of antibody GoH3 or a rabbit anti-/81 integrin antibody (gift of Dr K. Tomaselli). The extent of neurite outgrowth in these cultures was estimated after 24 h by measuring the individual neurite lengths of neurofilament-positive neur ons using image analysis. Fig. 4 shows that both of the anti-integrin antibodies greatly reduced the extent of neurite outgrowth: Rab anti-/31, by >80 % (Fig. 4C) ; GoH3 by approx. 50% (Fig. 4B) . Also, there was a substantial fall in the proportion of RGC with processes: Rab anti-/31: 84% inhibition; GoH3: 75% inhibition (data not shown).
Merosin, but not EHS-laminin, supports neurite regeneration by chick RGC from older embryos
Both EHS-laminin and merosin were effective in eliciting neurite outgrowth from E6 chick RGC in mixed retinal cultures (Fig. 6A) . In contrast, double-labelled Thy-1+/ 68K+ E9 or older chick embryo RGC, either in mixed cultures, or purified by panning on anti-Thy-1 antibody coated dishes, failed to extend neurites on laminin, as previously reported (Cohen et al. 1987 (Cohen et al. , 1989 , but grew profusely on merosin (Figs 5, 6A ). Thus, between 5 0-60% of RGC extended neurites on merosin from E9 to hatching age, compared with only 5 -15 % on laminin. Also, rat Thyl +/GAP-43+ RGC, from animals as old as P15, grew lengthy neurites on merosin (data not shown). Thus, the loss of response to laminin by older RGC was not simply a consequence of the possible onset of trophic factordependent survival (Rodriguez-Tebar et al. 1989) . In fact, many RGC, including cells purified by panning, grown on merosin survived for more than 4 days in culture in the absence of added factors. 
Growth o f RGC on both laminin and merosin is mediated by ¡31 integrins
To establish whether the interaction between RGC and merosin was mediated by ¡31 integrins, chick RGC neurons were cultured on laminin or merosin with or without monoclonal antibody CSAT (1:200 dilution ascites fluid). Fig. 6B demonstrates that CSAT antibody caused almost complete (>85 %) inhibition of neurite outgrowth on merosin at all ages tested (E9-newly hatched).
Discussion
In the present study we have shown that early embryonic mammalian RGC share the ability previously demon strated in avian RGC, to extend neurites in vitro on a laminin substratum. Similarly, this growth response on laminin in mammals is restricted to a comparable phase of early RGC development, prior to target encounter by RGC axons. Our findings appear to contradict those reported earlier by Kleitman et al. (1988a) , in which cultured explants of embryonic rodent retina failed to grow neurites on laminin. The explanation for this discrepancy does not reside in a difference between the age of animals employed by these workers and those in our study, since they used day 15 embryos, a stage at which we have shown RGC are responsive to laminin. However, other differ ences, including those of both techniques of explant culture and substratum preparation, may account for the conflicting findings. Monoclonal antibody GoH3 was originally identified as recognising the human a-6 integrin subunit on platelets mediating binding to laminin (Sonnenberg et al. 1988 ). Here we show for the first time by function blocking, that this antibody defines a major receptor involved in murine RGC neurite outgrowth on laminin. Since neurite out growth on laminin is also inhibited by anti-j31 integrin antibodies, it is likely that on RGC o6 subunits are associated with [31 molecules as functional cell surface heterodimers. Moreover, whilst the a6 subunit is able to associate with two /3 subunits, ¡31 or /34, (Sonnenberg et al. 1990) , only the a-6/31 dimer functions as a laminin receptor. Taken together with recent work describing the synthesis by embryonic chick RGC of o6 integrin mRNA and protein, and their abrupt decline in expression between E6 and E12 (de Curtis et al. 1991) , our results are consistent with ct6 integrins being the target for the regulation of RGC laminin-responsive functions during development.
Using saturating concentrations of GoH3 antibody, we were unable to achieve greater than 50 % inhibition of RGC neurite outgrowth. Since antibodies to ¡31 integrins were able to inhibit almost completely, however, it is possible that other laminin-binding (31 integrin hetero dimers function in the interaction of these neurons with laminin. The present general unavailability of antibodies specific to avian and rodent integrin a chains has not allowed us to make a comprehensive analysis of their functional role. However, we were unable to demonstrate an inhibitory effect of antibody 3A3, directed against the rodent al integrin subunit (Turner et al. 1989) , on rat RGC neurite outgrowth on laminin (J.C. and A.R.J., unpub lished observations). Together, these findings highlight an interesting difference between CNS and PNS neurons in their respective interactions with laminin. Thus, rodent and human DRG neurons express 0-1/31 integrin hetero dimers which function in neurite outgrowth on laminin (K. Tomaselli, personal communication).
Our previous correlative studies, in vivo and in vitro, suggested the possible biological significance of the transient responsiveness of embryonic RGC to laminin (Cohen et al. 1986 (Cohen et al. , 1987 . In vivo however, the growth cones of chick RGC axons continue exploratory migration within the tectal neuropil for some days after they grow into the tectum, until contact is made with their target neurons (Rager and von Oeynhausen, 1979; Thanos and Bonhoeffer, 1987) . The demonstration here that merosin elicits neurite outgrowth from both early and late stage embryonic RGC raises the possibility that it may be involved in the later phases of optic axon pathfinding, including terminal branching in the neighbourhood of their target cells. Our finding that RGC extend neurites on merosin regardless of embryonic age however, suggests that expression of the appropriate receptors is not, unlike RGC laminin receptors, under the influence of tectal factors (Cohen et al. 1989) . Morever, the effective inhi bition of RGC merosin receptor function by CSAT antibody suggests that different a/31 integrin dimers mediate the binding of laminin and merosin on RGC.
A related issue concerns the identity of molecules that may promote the regeneration of mature CNS axons. Whilst injured adult optic axons normally fail to re-grow, they will do so if the optic nerve environment at the lesion site is modified by a peripheral nerve graft containing viable Schwann cells (Villegas-Perez et al. 1988; Berry et al. 1988) . Also Schwann cells will support RGC axon regeneration, when co-cultured with either embryonic (Kleitman et al. 1988a,b) or adult (Hopkins and Bunge, 1991) rat retinal explants. While the cell adhesion molecule LI/NgCAM appears to play the major role in Schwann cell-mediated embryonic neurite-outgrowth (Bixby et al. 1988; Seilheimer and Schachner, 1988; Kleitman et al. 19886) , antibodies to Ll/N gC A M have no effect on regeneration of adult RGC in these co-cultures (Hopkins and Bunge, 1991) . In view of our findings however, that mature RGC regenerate successfully on binding to merosin in vitro, and the evidence that merosin is the major laminin isoform expressed by Schwann cells in vivo (Sanes et al. 1990) , it is likely that a closer examination of the molecular details of neuron-merosin interactions will also help to elucidate the mechanisms of axon regeneration. Embryonic neural retina cell response to extracellular matrix proteins: developmental changes and effects o f the cell substraum attachment antibody CSAT. J. Cell Biol. 104, 623-634. H o p k i n s , J. M. a n d B u n g e , R. P. (1991) . Regeneration o f axons from adult rat retinal ganglion cells on cultured Schwann cells is not dependent on basal lamina. Glia 4 , 46-55. H u n t e r , D. D., S h a h , V., M e r l i e , J. P. a n d S a n e s , J. R. (1989) . A laminin-like adhesive protein concentrated at the synaptic cleft of the neuromuscular junction. Nature 338, 229-234. J o h n s o n , A. R., W i g l e y , C . B . , G r e g s o n , N. A., C o h e n , J . a n d B e r r y , M. (1988) . Neither laminin nor prior optic nerve section are essential for the regeneration o f adult mammalian retinal ganglion cell axons in vitro. J. Neurocytol. 17, 95-104. K l e i t m a n , N., W o o d , P., J o h n s o n , M. I. a n d B u n g e , R.,P. (1988a) Schwann cell surfaces but not extracellular matrix organised by Schwann cells support neurite outgrowth from embryonic rat retina. J. Neurosci. 8, 653-663. K l e i t m a n , N ., S i m o n , D. K . , S c h a c h n e r , M. a n d B u n g e , R. P. (19886) .
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